Abstract: A simple analytical method was developed to determine p-nitrochlorobenzene (p-NCB) in working environmental air by reversed-phase high-performance liquid chromatography (HPLC). Nitrobenzene, nitrotoluene isomers, and NCB isomers were separated and p-NCB was determined by reversed-phase HPLC as follows: column; Hitachi gel #3056 (4.0 mm I.D. x 150 mm), mobile phase; 2-propanol: water (40:60, v/ v) with a flow rate of 0.8 ml/min, column temperature; 50°C, detector; UV detector at 270 nm. Nitrobenzene, o-, p-nitrotoluene, and o-, m-NCB were separated from p-NCB, but m-nitrotoluene could not be completely separated from p-NCB. The limit of detection (signal-to-noise ratio of 3:1) of p-NCB was 0.3 ng. Repeatability of the HPLC method was excellent. The HPLC method enabled to determine one-tenth of the administrative level (1 mg/m3) of p-NCB, since the lower limit of determination was 0.05 mg/m3. Therefore, the present HPLC method proved to be applicable to the determination of p. NCB in working environmental air.
INTRODUCTION
p-Nitrochlorobenzene (p-NCB) is widely used as an intermediate in the production of azo and sulphur dyes and as a raw material for pesticides and medicine. p-NCB has been proved to have mutagenicityl' 2) and/or carcinogenecity3~ on labo-ratory animals, and to cause methemoglobinaemia in humans4~. Therefore, determination of the p-NCB concentration in the atmosphere of workplace where p-NCB is handled is important for the environmental control of the workplace. Colorimetry and gas chromatography have been reported4-'~ concerning the determination of the p-NCB concentration in environmental air. The measurement methods8~ of the p-NCB concentration in the working environmental air recommended in the Working Environmental Measurement Standards in Japan are based on a liquid absorption sampling followed by a colorimetric or gas chromatographic analysis with an electron capture detector (GC-ECD).
The recommended analytical procedure of the colorimetric determination of the p-NCB is to trap the contaminants in 50% ethanol solution and reduce p-NCB to p-chloroaniline by zinc/ hydrochloric acid and then to determine by the diamine reagent method. Although the colorimetric method is sensitive, the drawbacks with this technique are (1) the analytical procedure is complex and time-consuming, (2) the colorimetry is not specific when other nitro-aromatic compounds are present together in the working environment, and (3) the absorbance of the final sample solution is unstable. GC methods with a flame ionization detector's or an ECD8~ are more sensitive, but these methods are not suitable for the determination of p-NCB in air samples, because p-NCB is a semi-volatile compound.
A reversed-phase high-performance liquid chromatography (HPLC) for the determination of p-NCB and their metabolites in urine was reported by Yoshida9~. In the report, there is no data on the separation of nitrobenzenes which are widely used in dye-intermediate manufacturing industries.
With the purpose of developing a simple reversed-phase HPLC method for separation and determination of mononitro-aromatic compounds, such as NCB isomers, we investigated the effects of organic solvents as mobile phase, the amount of organic solvent in mobile phase, flow-rate of the mobile phase, and column temperature on the retention time and separation of major mononitro-aromatic compounds.
EXPERIMENTAL
Chemicals Nitrobenzene (NB), nitrotoluene (NT) isomers, and NCB isomers were obtained from Tokyo Kasei Kogyo (Tokyo, Japan).
These chemicals were of analytical reagent grade.
Acetonitrile, methanol, ethanol, 1-propanol, and 2-propanol were purchased from Wako Pure Chemicals (Osaka, Japan) and all the solvents were of HPLC grade. Water for the experiment had been deionized and distilled. A mixed standard solution containing 7 mononitro-aromatic compounds, equivalent to 0.1 mM of each compound, was prepared by dissolving them in 50% (v/v) ethanol in water. Prior to investigating the separation of the 7 mononitro-aromatic compounds, we preliminarily tested to separate NCB isomers.
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Apparatus A chromatographic system was set up with a Hitachi model L-6200 pump, a Rheodyne 7125 manual sample injector with a 50 tl sample loop, a Hitachi L-5030 column oven, a Hitachi model L-4200 variable-wavelength UV detector, and a Hitachi model D-2500 data processor. To separate the 7 mononitro-aromatic compounds, a Hitachi gel #3056 (ODS, 5 pm particle size, 4.0 mm I.D, x 150 mm) was used as an analytical column. A 20 µl volume of the mixed standard solution was injected into the HPLC and the mononitro-aromatic compounds were detected at 270 nm.
RESULTS AND DISCUSSION

Optimization of the chromatographic conditions
It is well known that organic solvent, proportion of water and organic solvent in the mobile phase, flow-rate of the mobile phase, and column temperature affect the retention and separation behavior of solutes by reversed-phase HPLC. Therefore, we tried to find the optimum chromatographic conditions necessary to separate the 7 mononitro-aromatic compounds in the mixed standard solution, especially p-NCB. First, acetonitrile and methanol, which are typical organic solvents in reversed-phase HPLC, were used for separation of NCB isomers. NCB isomers were completely separated by eluting with less than 40% acetonitrile in water as a mobile phase. On the other hand, a complete separation of NCB isomers was observed by elution with less than 70% methanol in water and the elutions of NCB isomers with a mobile phase of methanol-water were faster than that with a mobile phase of acetonitrile-water under the same chromatographic conditions.
Since methanol caused a better separation and decrease of retention times of NCB isomers than acetonitrile, we tested the retention and separation behavior of the 7 mononitro-aromatic compounds with ethanol, 1-propanol, and 2-propanol in addition to the above organic solvents. Consequently, six peaks were detected by eluting with 40% acetonitrile in water, 40% methanol in water, 40% ethanol in water, and 40% 1-propanol in water as a mobile phase, whereas by elution with 40% 2-propanol in water peaks of all the mononitro-aromatic compounds were obtained. The retention times of all the compounds by eluting with 2-propanol were shorter than that with four other organic solvents. The elution order was as follows: NB, o-NCB, o-NT, p-NT, p-NCB, m-NT, and m-NCB with the mobile phases of the acetonitrile-water, the methanol-water, the ethanol-water, and 1-propanol-water, but the elution order of p-NCB and m-NT was changed with the mobile phase of the 2-propanol-water under the same chromatographic conditions. The different retention behavior of the two types of mobile phase may be due to the polarity and the solvent strength of the organic solvents. From these results we chose 2-propanol as an organic solvent to separate of the mononitro-aromatic compounds, because 2-propanol caused a better separation and decrease of retention times of the mononitro-aromatic compounds than four other organic solvents.
Second, we tested the retention and separation behavior of the 7 mononitroaromatic compounds at different compositions of 2-propanol in the mobile phase.
The 7 mononitro-aromatic compounds did not completely separate under all the chromatographic conditions. As shown in Table 1 , when the percentage of 2-propanol was increased in the mobile phase, the retention times of the mononitroaromatic compounds were decreased. Under these chromatographic conditions, NB, o-NCB, and m-NCB were completely separated, but NT isomers and p-NCB were not. Although p-NCB was not completely separate from m-NT, the best baseline resolution (Rs = 1.1) between the peaks of m-NT and p-NCB was obtained with the mobile phase of the 40% 2-propanol in water. However, the disadvantage of the mobile phase is a high column pressure, which may be due to the high viscosity of 2-propanol. The column pressure with the mobile phase of the 40% 2-propanol in water exceeded 200 kgflcm2. Finally, effects of the mobile phase flow-rate and column temperature on the separation behavior of the mononitro-aromatic compounds and the column pressure were tested to avoid the high column pressure. Consequently, when the flowrate of the mobile phase decreased, no notable improvement in the separation behavior was observed, but the column pressure was decreased in conjunction with the decrease in the flow-rate.
It is well known that an elevation in column temperature is also advantageous in reducing the viscosity of the organic solvent. As shown in Table 2 , the elevated column temperature led to a decrease in the retention time of p-NCB and a decrease in the pressure drop necessary to maintain a desired flow-rate.
The resolutions between the peaks of m-NT and p-NCB did not change at the column temperatures from 30 to 50°C. From these results, in consideration of the fit flow-rate and column pressure for the analytical column, the separation of peaks, and analysis time, the flow-rate of the mobile phase and the column temperature were set at 0.8 mlimin and 50°C as the most suitable Table 1 . Retention times of mononitro-aromatic compounds and resolutions (Rs) between m-NT and p-NCB at various compositions of 2-propanol in mobile phase.
conditions, respectively. All the mononitro-aromatic compounds were eluted within 6 minutes under the optimum chromatographic conditions and the peaks of NB, o-NCB, and m-NCB were completely separated, but the p-NCB peak did not completely separate from the peak of m-NT. Figure 1 (A) shows a typical chromatogram obtained from an injection of the mixed standard solution containing 1 nmole each of the mononitro-aromatic compounds under the optimun chromatographic conditions and (B) shows a chromatogram of NCB isomers only by elution with 70% methanol in water. Table 2 . Retention times (Rt) of p-NCB, column pressures, and resolutions (Rs) between m-NT and p-NCB at various column temperatures. Linearity, Limit of detection, and Repeatability
Linearity and limit of detection were determined by using various concentrations of p-NCB standard solutions diluted in 50% ethanol in water. The calibration curve for p-NCB between 1 and 1,000 ng/injection was linear with a correlation coefficient of 0.998 and was passed through the origin of the coordinate system. The limit of detection for p-NCB of the present HPLC method based on a signal-to-noise ratio of 3:1 was about 0.3 ng. The repeatability of the chromatographic system was determined by twenty replicate injections of a mixed standard solution containing lnmole each of the mononitro-aromatic compounds. As shown in Table 3 , the repeatabilities of NB and NCB isomers of the present HPLC method were excellent because the relative standard deviations (R.S.D.) of NB and NCB isomers obtained were in the range from 0.12 to 0.27% for both the peak areas and the retention times.
Application to working environmental measurements
Working Environmental Measurement Standards recommend the combination of a liquid absorption sampling method and a colorimetric or GC-ECD method for determination of the concentration of p-NCB in working environmental air. The lower limits of determination of the colorimetric and GC-ECD methods are 0.lmg/ m3 and 0.01 mg/m3, respectively. The present HPLC method gives a concentration of 0.05 mg/m3 for p-NCB as a lower limit of determination, if the air-volume sampled at a flow-rate of 1 1/mmn is 10 liters, the final volume of sample solution is 20 ml, and the injection volume for HPLC is 20 µl. The value of the lower limit of determination of the HPLC method is higher than that of the GC-ECD method, but lower than that of the colorimetric method. Finally the sensitivity of the present HPLC method is sufficient for the determination of p- Table 3 . Repeatability of retention times and peak areas of NB and NCB isomers (n = 20).
NCB in working environmental air, because the HPLC method is sensitive enough to determine one-tenth of the administrative level (1 mg/m3) of p-NCB, which is the concentration for administrative regulation of airbone toxic substances in Japan.
In conclusion, 2-propanol has been found to be a suitable organic solvent in reversed-phase HPLC for the separation of the mononitro-aromatic compounds. The present HPLC method should be useful for the determination of NB and NCB isomers in working environmental air because the HPLC method is simple, rapid, and a suitable technique for large-scale analyses.
